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We report that La60Fe30Al10 metallic glass has clear, reproducible, periodic variation in its differential resistance as a function of a 
perpendicular magnetic field below its superconducting transition temperature. The oscillation period corresponds to a       
superconducting flux quantum. The observed phenomena originate from the Little-Parks-like resistance oscillations in the cylin-
drical La nanorod with a high aspect ratio and uniform orientation precipitated on the ribbon surface. The highly-oriented      
La nanocrystals prepared on a flexible glass substrate offer an opportunity for integrating numerous superconducting circuits   
into a single chip. 
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The magnetoresistance oscillations of low-dimensional su-
perconductors, such as nanowire, nanobelt, or granular sys-
tems, have been extensively studied [1,2]. This is one of the 
most intriguing problems in condensed-matter physics, and 
this technology is widely used to develop new kinds of su-
perconducting quantum interference devices (SQUIDs), 
such as SQUIDs based on carbon nanotubes [3] and 
SQUIDs made via the DNA templating of superconducting 
nanowires [4]. However, the low-dimensional samples in 
these studies are either single or quasi-1D. An oriented 2D 
nanoarray with a large aspect ratio and flexible substrate is 
highly desirable.  
In this letter, we report the fabrication of a simple and 
flexible superconducting device based on a La-based metal-
lic glass. Below the superconducting transition temperature, 
Tc, the ribbon, which has high intrinsic flexibility and 
strength, exhibited a clear periodic modulation in its differ-
ential resistance as a function of a perpendicular magnetic 
field. The oscillations resulted from a two-dimensional  
array composed of La nanocrystals with high aspect ratios 
and uniform orientations. These arrays spontaneously as-
sembled on the free surface of the glass ribbon upon 
quenching, which is not the case for other nanoparticles and 
nanowires [57]. The work presents an advanced applica-
tion of the device for an implementation using metallic 
glasses as the precursors for the nano-material [811]. 
1  Experimental 
The La60Fe30Al10 ribbons were prepared using a single roller 
melt-spinning apparatus at 5–25 m/s in an argon atmosphere. 
The structure was characterized via X-ray diffraction (XRD) 
in a MAC M03 XHF diffractometer with CuK radiation. 
Thermal analysis was performed using a Perkin-Elmer 
DSC-7 differential scanning calorimeter (DSC). The topog-
raphy of the ribbon was studied using an atomic force mi-
croscope (AFM, Digital Instruments NanoScope IIIa 
D-3000 AFM). The magnetism and standard four-point 
electrical resistance measurements were performed using a 
PPMS 6000.  
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2  Results 
Figure 1 shows the XRD patterns of the La60Fe30Al10 rib-
bons for various wheel velocities. For the ribbon spun at 25 
m/s, the XRD pattern of the bottom surface (in contact with 
the copper roller) shows a broad maximum peak indicating 
an almost amorphous phase. The sharp crystallization peak 
of the inset DSC curve confirms its glass-like nature. No 
amorphous phase can be detected from the ribbon free sur-
face, but a strong and broadening crystalline peak is super-
imposed on the XRD curve. When the spin velocity de-
creases to 10 and 5 m/s, the intensity of the peak decreases. 
Through closer examination of the XRD pattern, one can 
find a much stronger La (002) peak, which suggests that the 
hexagonal La phase has a well-defined texture with the 
c-axis predominantly perpendicular to the ribbon plane [12]. 
According to the Scherrer formula [13,14], the peak is 
broadened because of the formation of ultrafine nanocrys-
tals.  
Figure 2(a)(d) shows the AFM micrographs of the 
La60Fe30Al10 ribbon spun at 5 m/s (left) and 25 m/s (right). 
The bottom shows the corresponding cross-section analysis 
(1 μm×1 μm). For the ribbon at 5 m/s, some nanocrystals 
with random distribution were observed on the free surface, 
and the size and distribution of the nanocrystals were far 
from uniform. However, when the wheel velocity was in-
creased to 25 m/s, a large number of columelliform nano-
crystals with a lateral width of ~100 nm were assembled 
into a compact 2D film over the whole ribbon free surface. 
The improved texture also resulted in the greatly enhanced 
intensity of the La (002) peak. The precipitation of Ra-
re-Earth (RE) particles is a common phenomenon for the 
RE-Fe-Al glass-forming system [11,12]. The La nanocrys-
tals on the surface have a stronger temperature gradient in  
 
 
Figure 1  XRD patterns for the La60Fe30Al10 ribbons at various wheel 
velocities. The inset shows the DSC curve of the ribbons at 25 m/s. The 
heating rate is 20 K/min. 
 
Figure 2  Topographic AFM images of the La60Fe30Al10 ribbon free sur-
face and corresponding cross-section analysis. (a) 5 m/s, 2 μm × 2 μm; (b) 
25 m/s, 10 μm×10μm; (c) 5 m/s, 1 μm × 1 μm; (d) 25 m/s, 1 μm × 1 μm. 
the direction perpendicular to the ribbon plane [11]. There-
fore, these La nuclei tend to grow normal to the ribbon 
plane, and finally assemble into the film. 
Figure 3 shows the relative resistance, R/R10K, versus the 
temperature, T, of the ribbon in different magnetic fields. 
The left inset shows the standard four-probe setup for rib-
bon in-plane and transverse resistance measurements (Rs 
and RT). The RT is 10 times less than the in-plane resistivity 
Rs. Both RT and Rs show metallic behaviors from room 
temperature to Tc, with residual resistance ratios, R(300 
K)/R(10 K), of 3.2 and 3.5, respectively. This indicates that 
direct ohmic contact is established between the deposited 
Ag electrode and ribbon [15]. At H=0 T, the R shows a 
sharp drop near 5 K before decaying to zero, indicating the 
ribbon is entering a superconducting state. The initial tem-
perature of superconductivity is near the reported hexagonal 
α-La polycrystalline with Tc=4.9 K [16]. The transition 
range is broad, T≈2 K, which is significantly greater than 
that in similarly prepared bulk La-based alloys. This indi-
cates we are approaching the one dimensional limit, which 
is typical for a 1D superconductor because of its suscepti-
bility to thermal fluctuation [4,5]. The right inset of Figure 3 
shows the H dependence of the resistance with H perpen-
dicular to the ribbonfree surface at 2, 4, and 6 K, respec-
tively. Above Tc≈5 K, both Rs and RT remain constant 
when the magnetic field increases, whereas below Tc the 
destruction of the superconducting state by the magnetic 
field at 2 and 4 K results in different stages with slight slope 
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Figure 3  The relative resistance, R/R10K, versus temperature measure-
ments of the ribbon spun at 25 m/s. The left inset diagram shows the 
standard four-probe setup for surface and transverse resistance measure-
ments (Rs and RT), respectively. The four orange regions denote the silver 
plate electrodes. The right inset shows the resistance Rs and RT versus 
magnetic field measurements at 2, 4, and 6 K, respectively. 
changes until the critical field.  
An analysis of the differential magnetoresistance dR/dH 
with respect to H is shown in Figure 4. Note that differenti-
ating the curve to magnify the slight slope change is a pow-
erful and widely-used data analysis method [5]. This figure 
shows that, for ribbons spun at 5 m/s, the dR/dH includes 
three distinct regimes, which are the same as those of the 
superconducting granular film with disordered grains [17] 
No oscillations are observed. However, for ribbons at 25 
m/s, dR/dH has well-defined oscillations. The oscillation 
period H = 0.36 T is reproducible and independent of 
temperature and the magnetic history of the ribbon, i.e., 
sweeping the magnetic field up or down. Although it fluctu-
ates greatly, the amplitude of the oscillations does not show 
a systematic dependence on H below the critical tempera- 




Figure 4  The derivative dRs/dH vs. H at 2 K for the ribbons spun at 5 and 
25 m/s, respectively. The inset shows the diagram of La-based glass ribbon. 
The circle denotes the superconducting screening current loops. 
3  Discussion 
The resistance oscillations in conventional SQUIDs and 
Little-Parks (LP) resistance oscillations in thin-walled cyl-
inders are the most well-known examples of quantum inter-
ference [4]. Taking into account the circular La nanorods and 
T-independent period, it seems that there are mesoscopic 
superconducting ring-like structures in the ribbon surface, 
which may induce the periodic magnetoresistance oscilla-
tion in the superconducting regime, such as Little-Parks-like 
oscillations. Our findings deviate significantly from the ex-
pected outcome because the standard LP oscillations are 
expected in a superconducting hollow cylinder near Tc. This 
deviation may occur because La nanorods with a high as-
pect ratio are not fully superconducting. Even for H = 0 T, 
the core of the nanorod shows a finite resistance below 2 K. 
The broadening and the finite resistance below the onset of 
superconducting transition are likely the consequence of the 
size confinement in 1D created by the thermally-activated 
phase slips near Tc [2] or the quantum phase slips far below 
Tc [2]. As the magnetic field increases, even at temperatures 
well below Tc, there is a superconducting cylindrical shell 
surrounding the La nanorod. In the superconduct-
ing-dominated states, the magnetic field creates Meissner 
screening currents and through them suppresses the energy 
barrier for the phase slips. The net current is a combination 
of normal and super currents. The periodic oscillations are 
produced by the latter, which likely reflected the oscilla-
tions of the screening currents around the La nanorod as a 
function of the magnetic field. 
The observed magnetoresistance oscillation is currently 
not well understood. We suggest the following quantitative 
explanation for LP oscillations [18], in which the period of 
the oscillations, H, is controlled by the superconducting 
flux quantum Ф0=h/2e (here e is the electron charge and h is 
Plank’s constant), divided by the cross-sectional area S en-
closing the magnetic field, HּS=Ф0=2.07×1015 Wb, for a 
superconducting circle loop or cylinder. The sum of the 
externally-applied magnetic flux Ф and the flux induced by 
the superconducting screening currents surrounding the La 
nanorods is quantized in units of the flux quantum Ф0. The 
screening currents are absent when Ф=nФ0, but the screen-
ing currents reach their maximum amplitude when 
Ф=(n+1/2)Ф0, resulting in a minimum value of Tc for the 
higher flux values. Experimentally, the LP oscillations of Tc 
can be observed as a periodic variation of the R with H at a 
fixed temperature. Therefore, the dR/dH is characterized by 
the regular appearance of minima or maxima in Hn. The 
measured period, H = 0.36 T, theoretically corresponds to 
a superconducting current loop with R1=43 nm, which is in 
good agreement with the La nanorod experimental radius 
(the green circle, 40–50 nm) measured via AFM (see the 
inset of Figure 4). Thus, the oscillation periods are attribut-
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ed to the superconducting screening currents surrounding 
the La nanorods, i.e. the dominant cell area in the La-based 
array.  
Note that although the oscillation is reproducible for dif-
ferent samples, the period of oscillation is not well defined. 
To further test the prediction, we compare the La nanoarray 
with a superconducting granular Sn film and wire [17]. Be-
cause the 2D film is macroscopic, and there is a wide dis-
tribution of loop size, the oscillation of the superconducting 
screening currents will average out and no oscillations will 
be detected. This is similar to the case for ribbons with dis-
ordered La nanocrystals (spun at 5 m/s). However, the 1D 
granular Sn wire with reduced dimensionality begins to 
show a series of periods [17]. Analogously, the oriented La 
nanoarray originated from the ribbon spun at 25 m/s, its 
degree-of-freedom is even less than that in the ribbon at 5 
m/s. Therefore, there is only one dominant superconducting 
loop around the La nanorod, which is responsible for the 
main oscillation periods. 
4  Conclusion 
In summary, a La nanoarray with a large aspect ratio and 
uniform orientation was assembled directly from a 
La60Fe30Al10 glass alloy upon quenching. This nanoarray is 
similar in function to a simple and flexible SQUID-like de-
vice. The present single-step formation method eliminates 
the conventional cumbersome process and offers an easy 
way to fabricate advanced functional materials using metal-
lic glass as precursors. 
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